The red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), is a major pest of facilities where grain is processed because of its ability to find and colonize food resource patches. Traps baited with pheromone and kairomone lures are commonly used to monitor for the presence of insects in warehouses or flour mills, for example. However, two nonmutually exclusive components, environment and genetics, could influence insect responsiveness to volatiles, impacting the efficacy of monitoring. Intraspecific variation in attraction behavior to food and mates is largely unexplored in stored-product insects, but tapping into natural genetic variation could provide a baseline for identifying genetic mechanisms associated with finding resources. Here, we assess eight strains of T. castaneum for variation in response to kairomone-and pheromone-based lures using three behavioral assays: paired choice with no forced air flow, upwind attraction with forced air flow, and movement pattern in an arena with a single odor source. We find strain-specific responses to kairomones and pheromones and evidence for heritability in behavioral responses. However, environmental coefficients for behavioral responses to both lures are high, suggesting that environment, and its potential interaction with genotype, strongly influences behavioral outcomes in these assays. Furthermore, despite the different environmental conditions among the different behavioral assays, we find a correlation for volatile preference among the assays. Our results provide a baseline assessment of natural variation for preference to kairomone and pheromone lures and suggest that careful consideration of behavioral assay is key to understanding the mechanisms of attraction in these stored-product pests.
Insect movement is a critical component for understanding flight behavior, migration, colonization of new habitats, and pest infestation (Stinner et al. 1983 , Turchin et al. 1991 . Two nonmutually exclusive components, environment and genetics, can greatly influence insect movement and behavior. First, environment plays an important role in influencing behavioral movements among individuals and groups of insects. Patterns of group movement can be tracked in flying insects using models to relate movement to weather patterns (Campion et al. 1977 , Stinner et al. 1983 ) and manmade habitats have allowed for expansion of many insects associated with agricultural systems and products (Rabb and Stinner 1978) . To understand insect movement more extensively, we can examine behavior patterns within laboratory conditions using various monitoring techniques (Halgren and Rettenmeyfr 1967 , Baltensweiler and Delucchi 1979 , Sakuma and Fukumi 1985 , Turchin et al. 1991 . Second, individual variation in behavior provides substantial differentiation in modeling insect movements and behavior (Dobzhansky and Wright 1943, Jones 1977) . Individual variation can be driven by biotic and abiotic conditions including nutritional or mating status (Barfield and Stimac 1981) or underlying genetic variation within populations and species (Dobzhansky and Wright 1943, Ritte and Lavie 1977) .
Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae; the red flour beetle) provides a good model for examining the role of genetics and environment in behavioral variation due to its rich array of genomic resources (Lorenzen et al. 2005 , Consortium 2008 ). Additionally, its behavioral responses to various volatiles have been fairly well documented relative to other stored-product insects. Genetic variation in attraction to volatiles has been suggested for stored-product pests (Ritte and Lavie 1977, Boake and Wade 1984) and mutations to sensory genes as well as previously identified morphological antennal mutations (Dawson 1984 , Beermann et al. 2001 , Angelini et al. 2009 , Pener and Simpson 2009 ) could impact the ability to perceive and respond to volatile cues. Stored-product pests' attraction to commodities by different kairomones and pheromones contributes to their ability to successfully colonize many commodities from raw processing through storage and shipping (Loughrin et al. 1995 , Collins et al. 2007 , Fedina and Lewis 2007 . Damage resulting from colonization has significant economic costs worldwide (Hagstrum and Phillips 2017) . These insects can move large distances within and outside of structures where commodities are processed and stored and often quickly re-establish indoor populations following fumigations and other treatments (Campbell et al. 2002 , Campbell and Mullen 2004 , so monitoring is needed to guide targeted responses and prevention programs (Doud and Phillips 2000) .
Pheromone or food baited traps are commonly used tools to evaluate stored-product insect activity and effectiveness of management programs (Campbell et al. 2002) . Use of volatile baited traps is a common method for insect detection as part of integrated pest management of stored-product pests. Commercially available pheromone, kairomone, and food-based lures have been developed and tested for attraction properties in various insects, both in the field and laboratory (Stinner et al. 1983) , including stored-product pests (Greenblatt et al. 1977 , Vick et al. 1990 , Mullen 1992 . However, behavioral variations under different environmental conditions or among different populations of stored-product insects can reduce the efficacy of many of these detection techniques.
Prior to the deployment of volatile lures, efficiency is tested in laboratory settings using several methodologies (Keville and Kannowski 1975 , Kennedy 1976 , Olsson et al. 2006 , Collins et al. 2007 , Collins et al. 2008 , Germinara et al. 2008 , which can provide a basis for comparing variation in attraction behavior. Two commonly used methodologies for stored-product insects include wind tunnel assays and y-maze (also known as y-tube) assays, the designs of which can vary in their complexity depending on the behaviors that need to be documented or conditions that need to be simulated. These assays have an advantage because they are quick, require little equipment, and the number of possible responses to the volatile are limited (Pierce et al. 1981 , Boake and Wade 1984 , Barak and Burkholder 1985 , Mondal 1985 . The y-maze can also be thought of as a modified pitfall trap assay, where insects make a final decision, and in most assays, cannot reverse that decision (Tilles et al. 1986a ,b, Loughrin et al. 1995 , whereas wind tunnel assays provide a system where the insect can move freely throughout the arena (Miller and Roelofs 1978) and react quickly to the volatile due to the force at which the volatile is introduced into the arena (Barak and Burkholder 1985 , Obeng-Ofori 1991 , Verheggen et al. 2007 , Romero et al. 2010 . Wind tunnels can also encourage flight behavior (Charlton et al. 1993) and have commonly been used in assessment of pheromone lures Linn 1984, Quero et al. 1996) . Y-maze assays can vary considerably in design, including having observation arenas (Hao et al. 2012) , flow meters and heaters (Hoskins and Craig 1934) , two or more arms or choice directions (D'alessandro and Turlings 2005) , or a climbing apparatus (Sakuma and Fukumi 1985) . Behavioral variables that can be measured by these assays include final decision (towards the volatile, away from the volatile, or no choice) and time to make that decision, but more detailed evaluation of movement can be done by using video analysis. Video analyses of insect movement can provide additional behavioral details and more complete path analysis (Vet et al. 1983 , Charlton et al. 1993 , Duehl et al. 2011 , Linz et al. 2016 . Video analyses can also be performed in a 2-D arena setting, such as a petri dish, which can provide limited, free-range movement within a choice-test, measuring overall time spent in a given location with or without a volatile, as well as path movement and overall speeds (Duehl et al. 2011 , Linz et al. 2016 ).
In addition to measuring different attractants, these methodologies can also be used to evaluate genetic variation in movement and attraction behavior by testing multiple strains from within a single species. Local-or strain-specific behaviors can be driven by environmental factors but underlying genetic variation can be addressed by reducing environmental variation when testing strains. Sensory genes are also important in several behavioral responses including social interactions and overcrowding effects (Pener and Simpson 2009) . In searching behavior in particular, internal genetic information has been shown to guide many insects in the appropriate trajectories (Bell 1985 (Bell , 1990 . Patterns of migration also seem to have a genetic component as evidenced by individual variation within a population (Hardie 1993 , Gatehouse 1997 . Olfactory perception and preferences are also heritable (Bell 1985, Nagle and Bell 1987) as is host plant selection (Via 1990 , Simon et al. 2015 and as mentioned above, mutations can lead to antennal morphology changes that may affect perception in stored-product pests (Angelini et al. 2009, Pener and Simpson 2009) . Although comparisons between species are often made with various attractants (Greenblatt et al. 1977) , individual or locally variable behaviors within a species are lacking quantification.
To address behavioral variation in T. castaneum, we assessed the level of attraction of eight different strains to both a food-based and an aggregation pheromone-based lure. In addition, three different behavioral assays were used to document the consistency of these behavioral responses across different conditions. Assessing both behavioral assay and strain-specific behaviors will provide information on the overall patterns of attraction behavior at both environmental and genetic levels. If there are strain-specific behaviors, we can follow-up with identification of genetic factors involved in attractiveness to volatiles associated with food or pheromones (Boake et al. 2002 , Fisher et al. 2015 , which could result in a better understanding of how these insects find and colonize stored commodities (Ritte and Lavie 1977 , Hansson 1999 , Graves et al. 2016 . Environmental variation in behavioral bioassays can also provide important information on how to assess attraction behavior to various lures used in integrated pest management techniques. In addition, disentangling how much variation is driven by genetic or environmental effects is necessary but newly emerging in behavioral analysis (Bombieri et al. 2018 ).
Methods

Beetles
Eight strains of T. castaneum were obtained from laboratory maintained populations at the CGAHR in Manhattan, KS. The strains have origins from over a broad geographic area, and include the strain used for sequencing of the genome (Table 1) . Strains are referenced subsequently using abbreviations shown in the table. Each strain was reared in ½ pint canning jars with ~400 ml of flour with 5% yeast. Cultures were started with 50 adults and adults were removed after 5 d to control for population size. Pupae were collected and placed in individual wells of a 24-well plate to avoid social interactions as adults. Adults aged 3-12 d were used in the behavioral assays and 10 replicates from each sex and strain were performed.
Behavioral Assays
Three behavioral assays were conducted for 10 individual beetles from all strains to test attractiveness or repulsion from two volatile sources: a T. castaneum and Tribolium confusum (duVal) (Coleoptera: Tenebrionidae) aggregation pheromone and an oilbased kairomone lure. The pheromone was a commercially available lure consisting of the Tribolium pheromone loaded onto a septum and the kairomone lure consisted of one drop of the commercially available oil kairomone attractant placed on an oil pad, both components from a Dome trap (Trécé, Inc, Adair, OK). The behavioral assays were a y-maze, wind tunnel, and petri dish ( Fig. 1 ). These three assays were chosen because they are commonly used to assess stored-product pest attraction responses and they can document a variety of different behaviors that may help to explain why certain strains or populations are either more or less attracted to volatiles.
Y-maze assay
The y-maze was constructed from an aluminum plate 1.3 cm thick, 11.8 cm long, and 9 cm wide ( Fig. 1A) . A y-shape was cut into the aluminum 0.5 cm deep and 0.5 cm across. The base of the y-shape was 5 cm long and the arms were 7 cm long with 7 cm between each arm. Two 0.5 cm deep circles were also drilled in the ends of each arm of the y-maze, 0.5 cm from one another, with the first hole positioned 6 cm from the beginning of the arm. The first hole served as a pitfall trap to capture beetles, and the second hole was where the attractant was placed. Pieces of the pheromone septum weighing approximately 0.05 g or portions of folded and soaked oil pad were placed in the second drilled hole, closest to the end of the arms, alternating each side after one beetle from each of the eight strains had been recorded (a block). A glass plate 12.5 cm by 10 cm was placed over the top of the y-maze to prevent beetles from exiting the top. The base of the y-maze was also sealed with plain white printer paper and tape but the ends of the arms were left open. The y-maze was placed within an opaque plastic container for each trial to minimize the effects of lighting and air movement. Beetles were placed approximately 2.5 cm from the closed-end of the y-maze and trials lasted 5 min or until the beetle reached the first of the drilled holes in either arm. A control y-maze assay with no volatiles was also performed to monitor for any potential direction bias. Data derived from these tests include final decision of whether they chose the volatile arm, the control arm, or remained in the base of the y-maze (no choice) and the time when each beetle reached the pitfall hole or 5 min had elapsed. The y-maze was washed with soap and water and baked at 250°F for half an hour after each test to remove any residue from the lures.
Wind tunnel assay
Wind tunnel assays were conducted in a wind tunnel with air flow of 0.43-0.53 m/s based on the design of Miller and Roelofs (1978) . The volatile was placed on a circular piece of metal (3 cm diameter and 1/10 cm thick) 25 cm from the upwind edge of the wind tunnel ( Fig. 1B) . A 21.59 cm by 27.94 cm sheet of white paper was placed 25 cm from the volatile in the center of the wood floor. Beetles were placed at the downwind end of the paper facing the fan and allowed to move freely for up to 5 min or until they went off the edge of the paper. The metal piece was cleaned and heated to remove any volatile residue between each block of the strains tested. The final direction of the beetle-top (positive attraction response, upwind toward the metal disk), bottom, left, right, or center (no positive attraction response)-was recorded as well as the time to that final direction.
Petri dish assay
Assays were conducted in a plastic 90 mm petri dish lined with filter paper with volatiles introduced through holes in the bottom so that there were point sources of volatiles but no visual cues (Fig. 1C) . Two holes were drilled on the bottom of the petri dish using a 7/64 inch drill bit, each along a transect through the center and 1.5 cm from the edge of the dish. A piece of white 90 mm filter paper was taped to the bottom of the dish and was replaced between trials. Location of each hole was indicated on the filter paper by a faint pencil mark for future identification. A 3.5 cm petri dish was placed directly below each of the holes. The kairomone or pheromone volatiles were placed in one of the petri dishes and the other was empty. Location of the volatile was switched after each block of beetles. Beetles were placed in the center of the petri dish with the holes to the left and right and given 10 seconds to acclimate to the arena. Videos were recorded using a digital video camera (HDR-XR520V; Sony Corporation, New York, NY) for 5 min and then scored using Ethovision XT (Version 8.0, Noldus Information Technology, Wageningen, The Netherlands). In Ethovision, 0.5 × 0.5 cm square zones were defined around each drilled hole to designate the volatile and control zones (the hole opposite of the volatile). Statistics for distance moved (cm), velocity (distance traveled/time between frames) and mobility level (immobile, mobile, or highly mobile) for the entire arena and frequency of visits and time spent in each zone were calculated. Mobility was calculated based on the changes in body position of the beetle between frames at 10 frames per second with 0% of the body changing positions being classified as immobile, 20% of body changes classified as mobile, and 60% of body changes classified as highly mobile.
Repeatability Analysis
Additional wind tunnel assays to measure the consistency of an individual's response over time (within and across days) were performed using a control treatment with no volatile cues, a kairomone lure, or a pheromone lure. The assays were performed as described above using mixed sex individuals from a lab population of T. castaneum with three blocks of six beetles in the control and kairomone lure assays and two blocks of twelve beetles in the pheromone lure assay. However, time was capped at 2 min instead of 5 min due to repeated use of each beetle. To assess the consistency of the behavior within a day, the assay was performed on each individual four consecutive times. The first direction and time to reach that direction was recorded as response 1 for each individual. Immediately after making its first decision, the beetle was then briefly moved back in its holding dish (for approximately 5 s) and then placed back in the arena, where direction and time were recorded as response 2. This was repeated until each beetle had four consecutive responses recorded for the first day with the assay for each beetle completed in approximately 10 min. Approximately 24 h later, the same beetles were tested again in the same way and four consecutive responses were also recorded for day 2. This assay was repeated on each individual beetle for a total of 4 d. We can use these data to assess both individual repeatability and population level consistency over time.
Analyses
Analyses for each behavioral assay were performed using SAS (SAS Institute, Cary NC, version 9.4). Heritability and repeatability analyses were performed using R (version 3.3.1).
Y-maze assay
For this assay, two different analyses were performed to assess attractiveness to the volatiles. First, preference was tested within each strain and for each volatile using a proc freq chi-squared test on the final decision (towards the volatile (positive preference), away from the volatile (negative preference), or no choice). Percentages of final preferences for each strain, sex, and volatile combination were also calculated to describe overall trends in preference behavior. Positive and negative preferences were defined as above or below 50% of the individuals moving towards the volatile or control arm, respectively. For the second analysis, time to decision was factored in by calculating a time-adjusted score for each individual. To calculate this score, final decisions were initially assigned a score of 1 if the beetle chose the volatile, a score of −1 if the beetle chose the control arm, and a score of 0 if the beetle did not choose an arm by the end of 5 min. Times were then binned by 30-s increments and adjustments were either subtracted from the score of 1 or added to the score of −1. If the score was 0, no time adjustments were added or subtracted. If time to decision was less than or equal to 30 s there were no adjustments; for time to decision of 31-60 s, an adjustment of 0.10 was made for the time score. For every 30 s following, an additional adjustment of 0.05 was made until any time after 211 s where an adjustment of 0.40 was made (61-90 s = 0.15, 91-120 = 0.20, 121-150 = 0.25, 151-180 = 0.30, 181-210 = 0.35, >211 = 0.4). To assess final preferences for volatiles based on both final direction and time, scores less than −0.50 were assigned to have weak to no preference, scores greater than 0.50 were assigned to have strong preference, and all other scores were assigned to have no choice in preference. Thresholds of −0.50 and 0.50 were used as they reflected overall patterns of categorical positive and negative preference analysis, but allowed us a quantitative measure to compare among strains and volatiles.
Time to decision and time-adjusted scores were tested individually as dependent variables between strains (8 total), sex (male or female), and volatile (oil or pheromone) using a generalized linear model with proc glm in SAS. Main effects of strain, sex, and volatile were calculated as well as strain-by-sex and strain-by-sex-by-volatile interaction effects. Replicate beetle was used as a random effect. LS-means were calculated for both strain and volatile with a Tukey pairwise comparison.
Wind tunnel assay
Analysis of the wind tunnel data was performed in the same way as y-maze data with the exception of assignment of the final decision. In this assay, there were five potential outcomes-center (not leaving paper), left, right, bottom, and top. Final decisions were assigned 1 if insects went to the top of the arena (toward the volatile), 0 if insects remained on the arena (no choice), or −1 if the beetle went to the left, right, or bottom of the paper (away from the volatile). Time adjustments were performed with the same 30 s bins as the y-maze. Chi-squared tests for final preferences for each volatile were conducted using proc freq in SAS and proc glm in SAS was performed as described for the y-maze analyses for time and time-adjusted preference scores.
Petri dish assay
To analyze movement behavior and preference in the petri dish assay, several dependent variables were tested including time (in seconds) spent in the zone with the volatile compared to time spent in the zone without volatile, frequency of visits to each volatile or nonvolatile zone, frequency of high mobility and immobility events, velocity, and distance moved. A proc glm with main effects of strain, sex, and treatment (volatile or control) with all possible interaction effects was performed for each dependent variable. Replicate beetles were treated as random effects. Pairwise differences were calculated for all significant main or interaction effects with a Tukey HSD adjustment. Post-hoc Kruskal-Wallace tests using proc npar1way were used to determine if there were differences in the duration of time spent in the zone with the volatile versus the control (empty) zone for each strain and volatile.
Repeatability analysis
Repeatability assays conducted in the wind tunnel were assessed for reliability using the irr package in R (version 3.3.1) and the Fleiss' Kappa test for categorical data (Hallgren 2012) . We compared responses for all treatments combined as well as for control, oil lure, or pheromone lure independently. First, we compared the within-day repeatability of the responses for the all beetles tested. Next, we compared consistency of an individual's first response across all 4 d. We then individually compared the consistency of the second, third, and fourth responses across days.
Among assay comparisons
Patterns of categorical final preference (positive preference, negative preference, or no choice) were compared between each assay to determine whether they yielded similar findings. In addition, correlations between response variables of the different behavior assays were identified using Pearson product moment correlations for the mean values of each strain for: 1) time for y-maze (or wind tunnel) versus several variables from the petri dish assay including, a) velocity, b) frequency of immobility events, c) difference in the frequencies between visits to volatile and control zones, and d) difference in the duration between volatile and control zones; 2) time adjusted preference score for y-maze (or wind tunnel) versus several variables from the petri dish assay, including a) velocity, b) frequency of immobility events, c) difference in the frequencies between visits to the volatile and control zones, and d) difference in the duration between volatile and control zones; and 3) time for wind tunnel and wind tunnel preference score versus a) time for y-maze and b) y-maze preference score. Fisher's Z Transformation was applied to the sample correlation.
Genetic and environmental components
We used an lmer model in R to estimate both genetic and environmental variances by accounting for variation within and among strains and variation within and among behavioral assays. We specifically wanted to test preference behavior for heritability so the quantitative time-adjusted preference scores for the y-maze and wind tunnel assays and the difference in duration of time (in seconds) spent between control and volatile zones for petri dish assay were incorporated into these models. Random effects from the strain factor and the variance residual were respectively used as a proxies for genetic (Vg) and environmental variances (Ve) to calculate broad sense heritability as H 2 = Vg / (Vg + Ve) for behavioral responses to the pheromone and oil lures separately (Lynch and Walsh 1998) . We also estimated the coefficients of genetic (CVg) and environmental variation (CVe) to approximate how much of each factor (genetic or environment) can be explained by the behavioral responses using the formula CVg = 100* √ (Vg)/x (or CVe = 100* √ (Ve)/x), where x is the fixed effects estimate or intercept (Felix et al. 2012 ). These coefficients were calculated for both the oil and pheromone lures and the genetic correlation (Rg) between behavioral responses to the oil and pheromone lures was calculated using the formula: Rg = CVg / √ (Vg oil * Vg pheromone ).
Results
Y-maze Assays
Most strains (six out of eight) have significant preference for the volatile compared to control arm in the y-maze assay for both kairomone and pheromone lures (Table 2, Fig. 2) . When analyzed by sex and strain, the majority of strain-sex combinations have 50% or more of individuals choose the arm with the oil lure. Less than 50% of Z4 females, Estill females, Ga1 males, and Ga2 males have a preference for the kairomone and 50% of Z4 males do not make a choice ( Fig. 2; Supplementary Table S1 ). For pheromone lures, most strain-sex combinations also show 50% or more of individuals having a preference for the pheromone. However, less than 50% of Estill males, Ga2 males, and Z2 females make a specific final choice (preference, no preference, or no choice; Fig. 2 ). Chi-squared analysis for trials with no volatile (control data) show that strains have no underlying preference for either the left or right arm suggesting no directional bias in this assay. After calculating a time-adjusted preference score, only volatile is significantly different for our y-maze assay (F 1 = 17.06, P < 0.0001; Supplementary Table S2 ) with pheromone having a higher preference score (LS-mean = 0.45) than kairomone lure (LS-mean = 0.13; Fig. 2 ). When comparing time to volatile in the y-maze assays, there is a significant effect of strain (F 7 = 3.70, P = 0.0008; Supplementary Table S3 ), with Z4 having a significantly Preference is for pheromone-and kairomone-based lure data pooled. DF is degrees of freedom. Chi-square is the chi-squared value. Significance is at the P < 0.05 level.
longer time to a final decision compared to Ga2, Molise, and Ga1 (Table 3) , which is most likely driven by the number of Z4 not making a choice within the 5-min assay limit.
Wind Tunnel Assays
All strains, with the exception of Z2, have significant preference for both volatiles in the wind tunnel assay (Table 2, Fig. 3 ). For the kairomone lure, all strain-sex combinations have 50% or more individuals go towards the volatile, except Z2 females. Similarly, for the pheromone lure, greater than 50% of individuals prefer the volatile for all strains with the exception of Z2 males (Fig. 3) . In the control trials, both males and females of Molise, Sok4, and Z4 have significant underlying bias to move toward the wind source; however, a greater percentage of both sexes of Sok4, Z4, and female Molise individuals exhibit a preference for the oil volatile relative to the control suggesting that there is a response to this volatile. For Molise males, fewer individuals prefer the oil lure relative to control Molise males, suggesting that the measured preference to the oil lure may be an artifact of underlying movement toward the wind source. For the pheromone lure, both sexes of Sok4 and Z4 and Molise females, but not males, have a greater percentage prefer the pheromone lure, suggesting a true preference for the pheromone lure.
When time-adjusted scores are assessed, both volatile (F 1 = 9.27, P = 0.0026) and strain (F 7 = 4.60, P < 0.0001) show significant differences with pheromone having a significantly higher (LS-mean = 0.58) preference score than oil lure (LS-mean = 0.36). Z2 has the lowest preference score for both oil and pheromone lures and Apulia has the highest preference score (Table 3 ; Fig. 3 ). Finally, a comparison Table 3 . Strain-specific differences for quantitative time-adjusted preference score for wind tunnel assay and time (in seconds) to make a decision for wind tunnel and y-maze assays Preference is for pheromone-and kairomone-based lure data pooled. Groups are designated from Tukey groupings where P < 0.05. Fig. 2 . Box plot of the final preference scores and bar graph of percentage of final preference for y-maze assay. Left panels are the time adjusted final preference scores for all strain and sex combinations. Positive preference scores indicate a preference for the volatile. The solid black line in the box plots is the median value, with edges representing 25 and 75% of the data distribution (interquartile range or IQR) and whiskers are 1.5*IQR, a measure of the maximum and minimum values of the dataset. Black dots represent outliers in the dataset. Right panels are the percentage of tested individuals that had a preference for the volatile, no preference, or had no choice in the assay. Strains with * indicate significant positive preference (preference score >0.5 for time-adjusted score or percentage >50%) for the volatile.
of the time to decision also indicates significant differences among strains (P = 0.0064; Supplementary Table S3 ) with Z2 having the longest average time to a final decision and Ga1 having the quickest time to a final decision (Table 3) .
Petri Dish Assays
Strain-by-volatile interactions are significant for the frequency of visits to either volatile or control zones in the petri dish assay (F 21 = 1.64, P = 0.037; Supplementary Table S4 ), suggesting that strains differ in their preference for oil or pheromone volatiles. Each strain shows significant differences in the frequency of visits to either control, kairomone, or pheromone lures (P < 0.05; Supplementary  Table S5 ), with the exception of Z4 (F 3 = 1.13, P = 0.34), which does not differ in frequency of visits to control, kairomone, or pheromone lure zones. In addition, when time is accounted for, Z4 spends significantly less time in either oil or pheromone zones compared to most of the other strains. Z4 has the lowest number of immobile events and the lowest velocity of all the strains, which may explain why it spent less time in the volatile zones ( Supplementary Table S4 ).
Post-hoc analysis reveals that for six out of eight strains (Apulia, Molise, Z2, Sok4, Estill, and Ga2), individuals visit zones with oil lures significantly more than control zones (Table 4 ; Fig. 4 ). For pheromone lures, four out of eight strains (Ga2, Ga1, Molise, and Sok4) visit zones with pheromone lures significantly more than control zones (Table 4) . Additionally, no sex effects are noted and males and females do not significantly differ in their preference for kairomone, pheromone, or control zones across strains (F 1 = 0.33, P = 0.57; Supplementary Table S4 ). However, examining frequency of high mobility movement, males and females are significantly different in their mobility (F 1 = 3.99, P = 0.047; Supplementary  Table S4 ) with females having higher numbers of high mobility events (LS-mean = 2.72 events) than males (LS-mean = 1.02 events). In contrast, males and females do not differ in immobile activity (F 1 = 3.37, P = 0.067) but there is a significant difference among strains (F 7 = 15.77, P < 0.0001; Supplementary Table S4 ). Strain Ga1 has the highest number of immobile events overall (Table 5) .
Ga1 also has the highest average velocity and, along with Apulia, travels the greatest distance (Table 5 ). Between sexes ( Supplementary Table S6 ), females also have a higher average velocity (LS-mean = 0.25 cm/s) compared to males (LS-mean = 0.23 cm/s). Comparing total distance traveled, strain-by-sex-by-volatile is significantly different (F 14 = 1.75, P = 0.047; Supplementary Table S6 ) and across strains, only Apulia and Ga1 have significant effects of sex-by-volatile effects for total distance traveled ( Supplementary  Table S5 ). Female Ga1 moves a greater distance in control assays but less distance in assays with a pheromone lure, while Apulia males and females move a greater distance in arenas with oil lures than males and females in control arenas. Interestingly, type of volatile present does not influence mobility (F 2 = 0.79, P = 0.45 for high mobility events and F 2 = 0.14, P = 0.87 for immobile events), distance moved (F 2 = 0.55, P = 0.58), or velocity (F 2 = 0.57, P = 0.57; Supplementary Tables S4 and S6 ), suggesting that the interaction of the volatile with strain and sex plays an important role in distance moved.
Repeatability Analysis
For both pheromone and kairomone lures, reliability within a day to go towards the volatile (Top) has high kappa scores and is significant (Table 6 ). This suggests that once an individual chose to go towards the volatile, they reliably repeated that response within the same day. Additionally, repeatability within a day across individuals for other directions (Table 6) shows low but significant reliability in Fig. 3 . Box plot of final preference scores and bar graph of percentage of final preference for the wind tunnel assay. Left panels are the time adjusted final preference scores for all strain and sex combinations. Positive preference scores indicate a preference for the volatile. The solid black line in the box plots is the median value, with edges representing 25 and 75% of the data distribution and whiskers are 1.5*IQR, a measure of the maximum and minimum values of the dataset. Black dots represent outliers in the dataset. Right panels are the percentage of tested individuals that had a preference for the volatile, no preference, or had no choice in the assay. Strains with * indicate a significant positive preference (preference score >0.5 for time-adjusted score or percentage >50%) for the volatile. IQR, interquartile range. the kairomone lure assay (kappa = 0.14; P < 0.0001 unless otherwise noted). For this assay, going to the right of the arena has the highest reliability (kappa = 0.17; Z = 5.78) with the left side of the arena having the lowest reliability (kappa = 0.056, P = 0.18). This suggests that once an individual chose to move right, they were more likely to repeat that response while if they moved left, that response was less likely to be repeated. For the pheromone lure, kappa = 0.14 (Z = 5.12) and reliability is highest to the right side of the arena (kappa = 0.17) and lowest to the center of the arena (kappa = −0.0030, P = 0.95). Without any lure, kappa = 0.16 (Z = 8.68) and reliability to the center of the arena (kappa = 0.36) is highest and to the left side of the arena (kappa = 0.13) is lowest. When we combine pheromone lure, kairomone lure, and control repeatability data, kappa = 0.17 (Z = 12.9, P = 0.00) and movement to the center of the arena (no choice) has the most reliability (kappa = 0.24) while going to the left side of the arena has the lowest reliability (kappa = 0.10).
Across days for each response (1-4) , there is mixed reliability, but the second response has good repeatability across days for both kairomone and pheromone lures (kappa = 0.099 for oil and kappa = 0.14 for pheromone; Table 7 ), meaning across the 4 d Mean frequency is the number of visits to each zone. KW chi-squared is the Kruskal-Wallace chi-squared value and KW P-value is the Kruskal-Wallace p-value for significance at P < 0.05. tested, the second response within a given day is more likely repeated over the course of multiple days. Response 3 for pheromone also has a high kappa (0.196) suggesting that for the pheromone lure, the second and third responses across days may induce the most reliable measures of preference for the pheromone and the second response may be the most reliable for the oil lures. When broken down by direction across days, response 3 is significant (kappa = 0.21, P = 0.013) for reliability in going towards the pheromone lure. However, the oil lure does not have significant reliability in final preference (Top) response across days tested ( Supplementary Table S7 ).
Among Assay Comparison
One of the goals of this study is to examine consistency in volatile preference across these different assays. Comparing overall preferences for the volatile (positive preference, negative preference, or no choice) across assays, the majority of strain, sex, and volatile combinations either have all three assays with a consistent response for the volatile (12 out of 31) or two of three assays with consistent responses (15 out of 31). In the 15 combinations where 2 out of 3 assays had the same final preferences, the assay that is inconsistent with the other two varied considerably, with the wind tunnel assay and y-maze assay equally represented among the inconsistent assay. Specifically, there are six strain, sex, and volatile combinations where final preference differed in one assay compared to the other two. Only four strain, sex, and volatile combinations have different final preference results for all three assays (Estill, female, oil lure; Ga1, male, oil lure; Z4, male, oil lure; and Z4, male, pheromone). All of these strain, sex, and volatile combinations have a positive preference for kairomone or pheromone in the wind tunnel. However, they have inconclusive preferences with either less than 50% of individuals with a positive, negative, or no choice preference result for the y-maze (Ga1, Z4) or the wind tunnel (Estill) combined with a no choice result in the petri dish assay (Ga1, Z4) or a negative preference in the y-maze (Estill).
Despite the high consistency of the overall preferences among the three different assays, only three other behavioral responses across assays (out of 20 total tested) are significantly correlated among strains when volatile and sex are combined (Table 8 ). Velocity in the petri dish assay is significantly, negatively correlated with time to reach the volatile in the y-maze assay (P = 0.034; correlation= −0.71). Frequency of immobile events in the petri dish assay is also significantly, negatively correlated with time to volatile in the y-maze assay (P = 0.011; correlation = −0.79). Difference in duration within volatile zone and control zone in the petri dish assay is significantly, positively correlated with the time-corrected preference score in the wind tunnel assay (P = 0.0018; correlation = 0.87). There are no correlations between the time-corrected preference scores or time to reach the volatile between the y-maze and wind tunnel assays (Table 8) .
Upon closer inspection ( Supplementary Table S8 ), the correlation between velocity in the petri dish and time to reach volatile for the y-maze assay is driven largely by the female response to pheromones (P = 0.0095; correlation = −0.82). In addition, the correlation between frequency of immobile events in the petri dish assay and time to reach volatile in y-maze assay is also driven by the female response to pheromone (P = 0.0005; correlation = −0.92). Other comparisons that are significant when parsing out sex and volatile are frequency of immobile events in the petri dish assay and time to reach volatile in the wind tunnel for females with kairomone lures (P = 0.036; correlation = −0.71), frequency of difference between volatile and control in petri dish assay and preference score in the y-maze assay for females with the pheromone (P = 0.0001; correlation = 0.93), and the frequency of difference between volatile and control zones in the petri dish and the time to reach the volatile in the y-maze assay for males with the pheromone (P = 0.042; correlation = −0.70).
Genetic and Environmental Components
Broad sense heritability (H 2 ) provides an estimate of the genetic components associated with attraction behavior. For the kairomone lure, H 2 is estimated at 0.12; the coefficient of genetic variation is estimated at 30.45 and the coefficient of environmental variation is estimated at 81.69, which explains how much genetic variation fails to explain the phenotypic variation in the data, and suggests that most of the variation in phenotype among the strains and behavioral assays is due to the behavioral assays themselves. For the pheromone lure, H 2 is estimated at 0.13, the coefficient of genetic variation is 30.18 and the coefficient of environmental variation is 77.77. Group is the Tukey adjusted grouping at P < 0.05 significance level. Similarly to the kairomone lure, these coefficients suggest that most of the phenotypic variation is due to the behavioral assays and not necessarily the strain differences. However, increasing sample sizes for each strain may boost power to detect heritability and coefficients of genetic variation. Between the kairomone and pheromone lures, there is a genetic correlation of 3.39 × 10 −7 and an environmental correlation of 0.16, suggesting that there is no direct association between genetic components in the strains tested that drive attraction responses to kairomone and pheromone lures.
Discussion
Behavioral responses to food or pheromone volatiles can vary across insect strains and populations and the type of behavioral assay used may also cause variable responses to these odors. To study factors driving these behavioral variations in more detail, we assessed responsiveness of eight T. castaneum strains to food volatiles and a pheromone using three different behavioral assays. Overall, we found evidence for strain-specific attraction to these volatiles and a strong correlation for volatile preference among the three assays. In some cases, the use of multiple behavioral assays provided additional information that could account for some of the differences in attraction observed among the strains. Interestingly, although we did not find any consistent significant sex-specific effects for preference to either volatile in any of the three behavior assays, we did find differences between sexes in measures of mobility, including velocity and distance moved in the petri dish assays that may influence the ability to detect members of each sex in the field. Although heritability for Comparing petri dish statistics with y-maze and wind tunnel and y-maze to wind tunnel. Frequency Difference is the difference in frequency between the volatile and control zones in the petri dish assay (Frequency Volatile -Frequency Control ). Duration difference is the difference in duration of time spent in the volatile and control zones (Duration Volatile -Duration Control ). attractiveness to either volatile was low, the coefficient of genetic variation shows that there are likely some genetic components underlying the behavioral differences among the strains, which may provide a baseline for future genetic analyses. Even though each assay provides different behavioral information, some relatively consistent trends were noted among the strain comparisons. For example, Apulia, Molise, and Sok4 strains have the most consistent responses, with the majority of their preferences being positive responses to both kairomone and pheromone lures. Estill, Ga1, and Ga2 also respond somewhat consistently across the three assays, with only a few strain-sex-volatile combinations not having a positive and consistent preference response. For example, Estill females have positive preference for the kairomone lure in the wind tunnel, negative preference in the y-maze, and no consistent response in the petri dish assay, but have positive preferences for the pheromone lure in all three assays. In contrast, Estill males have positive preferences for the kairomone lure in all three assays but an inconsistent preference for the pheromone lure in the y-maze and petri dish assays. Ga1 also is consistently the fastest strain in all three assays, with Molise being in the top three fastest strains for all three assays as well. Finally, Z2 and Z4 did not respond consistently across assays with Z2 having a positive preference for the volatiles in the y-maze and petri dish assays and a mix of positive and negative preferences in wind tunnel assays, and Z4 having a majority of inconsistent responses for the y-maze and petri dish assays (<50% of individuals with a positive or negative preference) but positive preference in the wind tunnel assay. In addition, in the petri dish assays, Z2 shows the slowest movement behavior but Z4 has the slowest movements in the wind tunnel assay and y-maze assays.
Further, although our assays use different techniques (e.g., still air vs forced air) for volatile movement, we predicted that they would have some overlapping patterns of attraction among our strains of red flour beetles tested. For example, all three assays consistently showed that the pheromone lure was more attractive than the kairomone lure and the preference for the kairomone lure was highly variable among the eight strains, a common trend in attraction in T. castaneum (Ha and Smith 2009, Li and Liberles 2015) . Kairomone lures have also been shown to have low attraction when used in trapping scenarios and combining the pheromone and kairomone tends to have higher response rates (Phillips et al. 1993 , Campbell 2012 . Additionally, for the most part, the overall final preference to the volatile (positive, negative, or no choice) is consistent in at least two out of three assays with either the wind tunnel or the y-maze showing less consistency relative to the petri dish assay. In addition, some variables measured in the different assays were correlated and provided additional context for the different behavioral responses to the volatiles. For example, velocity in the petri dish assay and the time to a decision (a measure of speed) in the y-maze are negatively correlated. This correlation suggests that strains with high speed in the petri dishes also made quick responses in the y-maze; however, correlations between speeds in the wind tunnel did not correlate with speeds in the petri dish or y-maze which suggests that the wind tunnel may have some sort of difference in mechanics associated with perception and speed. Possible mechanisms include the forced air scenario or a larger area to roam without walls or barriers in the wind tunnel arena. Differences in air flow have been shown to have considerable effects on attraction in T. castaneum (Campbell 2012) and assessing behaviors. Thus, it is important to assess behavioral responses to volatiles with both still and forced air, as air flow can vary in mills and warehouses and may impact an insect's ability to perceive and respond to these volatiles. Additional differences could also be due to various mechanisms not explored here, such as mating and nutrition (Fedina and Lewis 2007) . The wind tunnel did, however, positively correlate in time-adjusted preference score to the time spent in the volatile zone for the petri dish assays, suggesting that there is similarity in overall preference measurements between the wind tunnel and petri dish assays (Table 8) , which could also reflect a component of arrestment when cues are encountered in the petri dish assay.
Of the three assays, the petri dish assay has the smallest overall variance in preference measures compared to the y-maze and wind tunnel assays, suggesting that the petri dish assay may lend itself to more precise analysis and may be a more reliable assay for screening for behavioral variations among strains or populations. In contrast, the results for the y-maze and wind tunnel assays are more variable with the y-maze assay having a higher proportion of individuals having a 'no choice' result compared to the wind tunnel. This could be attributed to the surface of the y-maze tube (aluminum) being more unfamiliar to the beetles and hindering their overall movement in the y-maze, the mixing of volatiles in the y-mazes, lack of airflow, decision based on a single moment in space, or a combination of these factors. For all assays, however, it is rare for beetles to remain completely still; thus, activity level is not constrained by any of the assays, although the narrow arms of the y-maze could constrict and impact overall movement. Furthermore, when time for a decision is included in the analysis as a possible measure of movement ability or motivation, the final preference for the volatile (positive, negative, or no choice) did not change, but this factor allowed us to identify strains or strain-sex combinations that responded more quickly or slowly to the volatiles than others. For example, Ga1 and Molise are typically some of the fastest responding strains regardless of assay. Individual behaviors can vary over time and have the potential to influence the outcomes of these behavioral assays. Importantly, if individual behavior is inconsistent over time, an individual's response may be due to chance rather than a quantifiable, behavioral component. Importantly, the decision to move towards both volatiles has among the highest repeatability scores within a single day, meaning that once an individual made the decision to choose a volatile, that decision was repeated within the same day. The reliability scores for no choice follows a similar trend with individuals often repeating the behavior in subsequent tests, except for during pheromone assays, since insects typically responded positively to the pheromone instead. Interestingly, for control assays with no volatiles present, there is significant reliability for every direction, suggesting that without a volatile, individuals will still maintain reliability in their movement patterns over a short time scale. Overall, since reliability scores show low but significant reliability in our four responses within a given day, we can conclude that there is general reliability to testing a response to a volatile given we assay each individual only once (Bell et al. 2009 ) and that our methodology is sound in generalizing behavior based on the first observation of each individual. Even though reliability is significant, the kappa values may be low due to factors such as habituation or a negative associative learning process, similar to what has been observed in other short term reliability analyses (Traynier 1970 , Heard 2000 . Interestingly, individual beetles may have some underlying preferences for a given direction given that there was high reliability for beetles to go right but not left in the kairomone lure assay. On a longer term scale (across days) however, consistency in response does not show significant reliability, especially for the kairomone lure, which is not uncommon (Bell et al. 2009 ). This may be due to a lack of positive reinforcement for choosing one direction over another or the capacity of T. castanuem for learning and memory (Bell 1990 ), a long-term habituation response (Figueredo and Baker 1992) , or simply time-dependent effects changing physiological status over time (Heard 2000) . Ultimately, the beetles were never allowed to reach either food or conspecifics so there was no reward for learning to choose a particular direction each day.
To determine if any of the behavioral differences between the strains could have genetic or environmental components, broad sense heritability was calculated. For responses to both the kairomone and pheromone, broad sense heritability is low but not so low as to dismiss any underlying genetic and strain-specific effects. For example, Ga2 is an inbred strain from Ga1 (Lorenzen et al. 2005) and both strains show similarities in their behavioral responses to the assays and volatiles examined here. Dispersal behavior has been shown to have a genetic component in the T. castaneum (Ritte and Lavie 1977) and low heritability is quite common in behavioral traits (Pomiankowski and Moller 1995 , Merilä and Sheldon 1999 , Boake et al. 2002 , Soudi et al. 2016 . Perception of pheromones does have genetic components as well (Roelofs et al. 1987) ; however, the coefficient of environmental variation is quite high compared to the coefficient of genetic variation, suggesting that environmental factors (i.e., the behavioral assay) and/or the interaction between environmental factors and genetics can play a large role in determining attraction responses and overall preference for a given lure assayed here. Interestingly, the overall genetic correlation between our kairomone and pheromone lures is small, suggesting that there are differing genetic mechanisms for the response to each of these lures. Independent olfactory mechanisms or receptors for food-based versus pheromone-based lures has also been suggested in other research where a combination of pheromone and oil lures are most effective when implementing baited traps (Walgenbach et al. 1987 , Trematerra and Girgenti 1989 , Campbell 2012 . Similarly, the environmental correlation between the kairomone and pheromone lures is also low, suggesting that the assay and lure used plays a large role in preference response (Burkholder 1984 , Ha and Smith 2009 , Duehl et al. 2011 .
Overall, our results suggest that assay selection can influence behavioral responses to volatiles in T. castaneum and perhaps other stored-product pests. However, we do find some significant behavioral differences among strains tested, suggesting that there is underlying genetic differentiation in movement and attraction behavior among strains of T. castaneum (Boake and Wade 1984) . Further research will follow up on these differences to highlight the genetic components that may be driving these behavioral differences. The results presented here lay a firm foundation for the further analyses of the functional genomics of behavioral and sensory genomics in these stored-product insect pests, a key step forward in preventing their establishment in stored commodities.
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